Escherichia coli are relatively avirulent organisms, but evidence derived from clinical observations and epidemiological studies has shown that some "O" serotypes (1) more frequently cause parenteral disease (2-9), and others more frequently cause enteric disease (10) in man than do the remaining O serotypes of E. coli. In addition, certain E. coli strains are more lethal for mice than others, and there is evidence that strains virulent for man are virulent for mice (11, 12) .
that there was a specific relationship between O antigenicity, a capacity to resist phagocytosis, and virulence.
A unique opportunity to test this hypothesis was provided by the availability of mutants of F.. co/// Ol11:B4 with a cell wall composition which could be manipulated at will./~., coli Olll :B4 produces an LPS that contains lipid, phosphorus, hexosamine, 3-deoxyoctnlosonate (KDO), heptose, glucose, galactose, and colitose (16) , and the precise structure of its O antigenic repeating unit has been defined (17) (Fig. 1) . Mu- 
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, . The studies to be reported herein were designed to determine the LDs0 dose for mice of various preparations of these organisms, the pyrogenicity of their LPS, their fate after intrapefitoneal inoculation, the phagocytic index for each of the polymorphonuclear leukocytes (PMN's) harvested from the mouse peritoneal cavity, and the interaction of the organisms with various antisera. The virulence of the log-phase cultures of the three organisms differed strikingly, and this difference was correlated with an antiphagocytic capacity, the ability to persist and multiply intraperitoneally, and the O antigenidty of the organisms.
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Although the endotoxin content of the least virulent organism was reduced, the properties of the endotoxin of these mutants did not differ significantly from that of the parents; thus endotoxin activity appeared to be independent of the sugar composition of the LPS. These findings were corroborated by similar studies of the mutants when grown in specifically supplemented media
which permitted them to synthesize complete LPS. Therefore, the data to be given below are offered as evidence for a probable molecular definition of virulence in E. coli: the presence or absence of specific sugars in the side chains of the cell wall LPS of E. coli is a determinant of its antiphagocytic capacity and thus of its virulence.
Materials and Methods
B~teri~.--E. coli Olll:PA origlnally given by Dr. Pearl L. Kendrick of the School of Public Health of the University of Michigan was maintained by periodic cultivation on trypticase soy agar (Baltimore Biological Laboratories, Baltimore, Md.) slants. The UDPgal-4-epimerase-defident mutant, J-S, was isolated from an aged culture of 0111 on the basis of its inability to ferment galactose and its sensitivity to it; its precise biochemical properties have been reported previously (18) . The phosphomannose isomerase-deiicient mutant, L-2, was similarly recovered from an aged culture of E. toll, 0111 by noting its inability to ferment mannose and its sensitivity to mannose, particularly in the absence of gitl£ose. 1
When J-S organisms were grown in media supplemented by galactose, the LPS was indistinguishable from that of the parent 0111, and the organisms were designated J-S-gal (18) .
When L-2 was grown in media supplemented by mannose, its LPS was identical to that of Olll and these organisms were designated L-2-man. t
All experiments were performed with organisms grown from stock cultures prepared in broth and stored in vials with 15% glycerin at --70°C. Log-phase cultures were harvested after 4-6 hr incubation at 37°C on a mechanical agitator when the optical density at 600 m/z was 0.1. Stationary cultures were harvested after 18-20 hr of stationary incubation at 37°C. Formalin, 0.5%, was used to inactivate the bacteria; formalini~tion was carried out at 4°C for 18-24 hr. All bacterial cells were washed twice with buffer prior to use.
Lipopolysaccharide.--LPS was prepared as previously described (18) by phenol extraction of cells ruptured in a French press. LPS suspensions were prepared in sterile distilled water, and the pH was adjusted to 7 by addition of NaOH prior to use.
Animals.--Swiss albino mice were employed throughout. All were fed food and water ad lib. Suckling mice were 1-3 days old and weighed 1-2 g. Weanling mice were 21-25 days old and weighed 10-12 g. 4-10 weanlings or 2-4 adults were housed in stainless steel cages having a volume of 150 cubic inches.
Pyrogen~ity of LPS.--0.1/zg of LPS preparation of E. coli Ol11, J-5, J-5-gal, or alkalitreated Olll was diluted in sterile distilled water and inoculated intravenously into a rabbit. Temperatures were measured rectally at 30 min and at i, 2, 3, and 4 hr. Each preparation was tested in three animals.
Virul~,~e Tests.--Animals were inoculated intraperitoneafly with aliquants of serial dilutions of the various preparations to be tested and mortality was observed for 72 hr. In each experiment, 5-10 animals were inoculated with each dilution to be tested, and the r-Ds0 calculated by the method of Reed and Muench (19) .
Log-phase organisms were washed in buffer and for experiments in mice serial ten-fold or half-log dilutions were prepared in 0.5% hog gastric mucin. Formslini~d log-phase cultures were standardized by first preparing log-phase organisms from stock cultures by growing them in broth to an optical density of approximately 0.1 which represented a viable count of 2 X 107 organisms per 0.1 mi. These were then exposed to 0.5% formalin overnight at 4°C. The next morning the organisms were washed twice in 0.85% NaC1 and suspended so that the concentration was estimated to be 2 X 109/0.1 ml as judged from the previous colony count and a current optical density. The concentration was then determined by bacterial counts in a Petroff-Hauser counting chamber. Two-fold or half-log dilutions were prepared in mucin. The results are given as log10 number of organisms per ~s0-The ~0's of LPS preparations were determined using serial two-fold dilutions in sterile distilled water such that the quantity inoculated ranged from 250 to 16 #g.
Intraperitoneal Fat~.--The general methods employed were those described by Cohn (20) .
Three types of experiments were performed. The first used washed log-phase organisms, the second log-phase organisms diluted in mucin, and in the third log-phase organisms were inoculated into animals which 18-20 hr earlier had been treated with starch aleuronat in order to induce an intraperitoneal polymorphonuclear exudate. Weanling animals were used in all and in each the quantity of organisms inoculated was adjusted so that it was intermediate between the ~50 doses of the organisms being compared.
Mice were inoculated unanesthetized. At intervals after inoculation, animals were sacrificed with ether anesthesia and pinned back down on a dissecting board. The abdominal surface was flooded with 70% ethanol and opened with forceps and scissors. The exposed peritoneum was flooded with ethanol and tented with forceps. 5 ml of a modified Hank's solution (HBG) (21) were forcefully injected using a 10 cc syringe and a 20 gauge needle to insure adequate suspension and mixing of the peritoneal contents. The peritoneal fluid was removed with a Pasteur pipette and centrifuged for 10 min at 225 g and 4°C. Aliquants of the supertmte were serially diluted in saline and viable colony counts were performed. The total number of extra-cellular intraperitoneal (ECIP) bacteria is the colony count per ml X 5, the volume d wash fluid. A drop of fresh frozen normal serum was added to the sediment in order to prepare smears which were dried overnight and then stained with alkaline methylene blue. The per cent of phagocytosis was determined by counting at least 400 cells for each determination listed in the results. Macrophages were counted in the experiments utilizing log-phase organisms with and without mucin in unprepared animals. In those in which the animals had been treated with starch aleuronat 18-24 hr prior to inoculation of bacteria, polymorphonuclear leukocytes were counted. Per cent of phagocytosis was determined only on the specimens obtained at 30 rain since only at that time could it be reasonably assumed that the ratio of bacteria to cells was comparable in the various experiments. Sufficient animals were inoculated but not sacrificed so that the mortality rate could be determined 72 hr after inoculation.
Phagocytosis by Polymorphonuclear Leukocytes In Vitro.--The methods employed were essentially those described by Foley, Smith, and Wood (22) . Polymorphonuclear leukocytes were harvested from the peritoneal cavity 18-24 hr after adult mice had been inoculated with 1.5 ml of a 1:1 mixture of starch alenronat and tryptose phosphate broth. The PMN's were harvested as described under Intraperitoneal Fate. Harvested cells were washed twice with HBG, kept on ice, and standardized using a hemocytometer. 100 million PMN's were sedimerited at 225 g to a volume of 0.075 ml; 0.025 ml containing 500 million log-phase bacteria, and 0.025 mi fresh frozen normal mouse serum were added. This reactant mixture was mixed thoroughly and kept on ice until 0.03 ml was spread over 1 X 2 cm area on a precleaned (water, alcohol, acetone) glass slide. Slides were placed in a Petri dish lined with filter paper moistened with sterile distilled water. These were then transferred to an incubator and kept at 37°C for ~ hr. At the end of that time, the slides were removed and the leukocyte-bacterial suspension was washed from the glass surface with a jet of cold (4°C) HBG (about 3 cc). The fluid was centrifuged at 225 g for 10 rain at 4°C. Smears were made from the sediment, dried overnight, and stained with alkaline methylene blue the next morning. Thus, in these experiments the white cell concentration was 800,000,000 cells/ml 3, and the bacteria-polymorphonuclear cell ratio was 5 to 1; the incubation surface was a dean glass slide and the incubation temperature was 37°C.
In addition to counting the number of polymorphonuclear leukocytes which contained bacteria per 100 PMN's (the phagocytic index), the total number of bacteria ingested by 100 polymorphonudear leukocytes, all of which had ingested at least one bacterium, was determined. The fresh frozen normal mouse serum employed did not contain any antibodies to the organisms being tested as determined by bacteriolytic, slide agglutination or tube agglutination tests. Nevertheless, for some of the experiments 1 ml of the fresh frozen normal mouse serum was adsorbed with 2 X 107 each of washed formalinized log-phase Ol11, J-5, J-5-gal, L-2, and L-2-man organisms.
In some experiments designed to test the susceptibility of L-2 to phagocytosis by PMN's in vitro, a dilute system was employed. Approximately 40 million PMN's and a bacteria: PMN ratio of 5:1 in a reactant volume of ! ml were used. The reactant vessel was a 13 X 100 mm test tube stoppered with silicone rubber; it was rotated 12-15 rpm in a 37 ° incubator for 30 min. The experimental period was terminated by adding 5 ml of cold HBG. Otherwise, the method was as described above.
Agglutination Tests.--O agglutination tests were performed as described by Ewing and
Edwards (23) . Bacterial suspensions standardized to an optical density 0.4 at 600 In# and sera from two sources were employed. One was prepared in these laboratories. Serum was harvested from mice repeatedly injected with 2 X 107 formalinixed log-phase organisms and a single final injection of uninactivated Ol11, J-5, or J-5-gal log-phase organisms. The other source was comprised of two lots of rabbit anti-Olll:B-4 serum obtained from the Communicable Disease Center (CDC), United States Public Health Service, Atlanta, Ga. Table I show that when log-phase organisms were diluted in mucin, E. coli O111 was 1000 times and the L-2 10 times as virulent for weanling mice as J-5. When the mutant J-5 was grown in the presence of galactose, a condition which permitted the synthesis of a complete cell wall lipopolysaccharide, its virulence was significantly enhanced (P = <0.05). It was not completely restored, in all probability because the concentration of galactose and glucose in the peritoneal cavity was not sufficiently maintained to insure continuing synthesis of complete LPS. When these differences were found, the capacity of formalinized log-phase E. toll to kill mice was assessed in order to determine whether the difference in virulence could be attributed to a difference either in the quantity or quality of endotoxin activity in the cell wall of the parent and mutant organisms. The difference between Ol11, L-2, J-S, and J-S-gal was small and did not appear sufficient to explain the difference in virulence of log-phase organisms (Table II) . These results also indicated that when less than 109 bacteria had been inoculated intraperitoneally the bacteria had to have multiplied in order to kill the animals.
RESULTS

Virulence of Various Preparations of E. Coli 0111 and its Mutants.--The results in
The r Ds0 of purified LPS from Ol11, J-5, and J-5-gal did not vary significantly (Table III) . In two experiments, the LDs0 of purified L-2 LPS was found to be 47 and 55 #g.
Another biologic property of purified cell wall lipopolysaccharide was tested by determining the capacity of LPS preparations from the various organisms to induce fever in rabbits. The results presented in Fig. 4 (Table IV, c) , and to persist in the peritoneal cavity (Table IV, b and c) . The extent of phagocytosis correlated inversely with the quantity of extracellular bacteria (ECIP) remaining at 30 rain (Table IV , b and c). In these experiments, too, the relative virulence of the organisms was established (Table IV,  a) . Although mucin enhanced the capacity of these organisms to persist in the peritoneal cavity, in the absence of mucin the relationship between the capacity of the various strains to resist phagocytosis and to persist in vivo was not altered.
L-2 differed significantly from both Olll and J-5 in its susceptibility to phagocytosis by both macrophages and polymorphonuclear leukocytes in vivo. It is also important to note that growing the deficient mutants in the appropriately supplemented media reversed the susceptibility of the mutants to phagocytosis in these in vivo experiments.
Phagocylosis of E. coli by Peritoneal Exudate Polymorphonuclear Leukocytes In
Vitro.--The less virulent organism, J-5, was significantly more susceptible to phagocytosis by polymorphonuclear leukocytes than was Olll (Table V) . This increased susceptibility was abolished by growing the organism in galactose-supplemented media. When the number of bacteria ingested per PMN was determined, it also revealed that polymorphonuclear leukocytes could ingest significantly more J-5 than either Olll or J-5-gal (Table VI) . Antibody to these organisms could not be detected in the mouse serum employed in the tests, and adsorbing the fresh frozen normal mouse serum employed in these experiments with the organisms to be tested did not alter the results (Table V) .
Although the experiments which determined the intraperitoneal fate of these organisms indicated that the L-2 mutant had a susceptibility to phagocytosis (Table VII) but the slightly increased susceptibility of L-2 was not reversed by growing the mutant in mannose.
Agglutination of 0 Antigena by OB Antiserum.--E. coli Olll or J-S-gal "OB" antiserum prepared in this laboratory was unreactive with J-5, (Table  VIII) . Moreover, J-5 did not stimulate the formation of an antibody which was reactive with either Olll or J-5-gal. A similar but less marked result was obtained when L-2 and L-2-man were tested using CDC sera (Table VIII) . There was a degree of specific cross-reactivity between L-2 and Olll antiserum but it was dearly less than that between Olll antiserum and L-2-man. These results indicated that there was a significant lack of specific reactive portion of the O antigen, the antigenic saccharide of LPS, in the two mutants, and that the two mutants differed in this regard. This defect in O antigen synthesis by the mutants was reversed by growing them in specifically supplemented media. 
DISCUSSION
These investigations define a new function for the polysaccharide component of the cell wan lipopolysaccharide of E. coli and relate that function directly to the virulence of these organisms. The presence or absence of certain sugars determine the capacity of the organism to resist phagocytosis, and t~hus theyare a determinant of its ability to persist and multiply in mice and to kill them.
In a series of papers, Rowley has explored the pathogenesis oi Gram-negative bacillary infections. In 1954, he demonstrated that different strains of E. co/i Olll :B4 varied in their virulence for mice after intraperitoneal inoculation (24) . Although the LDs0 of his strain 2380 was 103 and that of his strain 2206 was 107, they did not differ in their toxicity. Their intraperitoneal survival was directly correlated with their virulence. Thus these strains are quite comparable to our Ol11:B4 and its phosphomannose isomerase-deficient mutant L-2; it should be emphasized that the L-2 typed as an Ol11, as did Rowley's strain 2206, Rowley found the more virulent strain to be more resistant to the bactericidal activity of complement-containing sera. He had also observed that virulent strains of Salmonella typhimurium required more opsonins than avirulent strains (25) . Those findings were confirmed and extended in this laboratory by observing that a mouse-virnlent strain of E. coli 07 did not stimulate the formation of bactericidal, bacteriolytic, or opsonizing antibodies although it did induce the formation of agglutinating antibody (14) . In contrast, a mouse-avirulent strain of E. coli O111 stimulated the formation of all those antibodies. Rowley also showed that peritoneal macrophages played a primary role in the elimination of enteric bacteria from the mouse peritoneum (26) . He demonstrated that the bactericidal activity of macrophages was directly related to their phagocytic capacity which in turn was determined by the presence of opsonins (25) (26) (27) (28) . He did not study phagocytosis directly, nor phagocytosis by PMN's; and he did not investigate the possible relationship between cell wall or cell surface composition and virulence.
Slopek et al. (29) used an in vitro horse leukocyte system to demonstrate that Gramnegative bacilli which differed in their antigenic composition, differed in their susceptibility to phagocytosis. An apparent difference between E. coli Olll and 086 was observed but he used formalinized and heat-killed organisms and did not define the bacteria:PMN ratio. Skurski et al. (30) , reporting results of the same methods in a companion paper, demonstrated that rough mutants of Shigella sonnei and S. typhi obtained by passing smooth (S) forms in broth containing anti-S serum were more susceptible to phagocytosis than the parent S forms. Neither paper related the findings to virulence or to a chemical definition of cell wall composition. Recently Roantree reviewed the relationship between salmonella and E. coli 0 antigens and virulence (31) and concluded that the reasons for the ability of certain species to infect and multiply are still unknown. It is of particular interest that he considered the antiphagocytic effect of O antigen a likely but nnestablished aspect of the pathogenesis of enterobacteriaciae infections. Thus the observations herein reported would appear to define dearly for the first time a new function for the sugars of the LPS of E. coll.
The "Vi" antigens of salmonella are analogous to the "K" antigens of E. coli, and these antigens have long been known to be related to the capacity of these organisms to resist phagocytosis and to their virulence. The exact nature of this relationship had not been defined, however. The relationship between Vi, K, and O antigens possibly can be described in simplest terms by stating that the former are the extension in quantity and complexity of the saccharide component of the latter. Thus what has been demonstrated for the O antigen of E. toll may apply to its K antigens and to the Vi antigens of salmonella.
In these studies, the pyrogenicity and lethality of endotoxin were shown to be independent of its saccharide composition. These observations are at slight variance with those reported by Luderitz et al. (16) and by Ribi et al. (32) . There is no clear explanation for this difference. Our results are like those of Nakano (33) who found that the lethality of LPS d galactose-sensitive mutants, "M" mutants, of S. enteritidis did not differ from that of the parent, and that the LPS of the epimeraseless M mutant of S. typhi differed only two-fold from that of the parent S. typhi. Nakano also reported that the LPS yield from epimerasdess mutants of salmonella was reduced and he has shown that the toxicity of these heated cells was reduced. Our results using formalinized log-phase organisms also indicate that the endotoxin content of these mutants is reduced. Although Nakano stated that Kobayashi had shown that live M mutant cells were less virulent for mice than parent cells, in none of these investigations was phagocytosis studied.
Whatever the ultimate resolution of the apparent discrepancies as to the relationship between the sugar composition and endotoxicity of LPS, it is clear that, for the organism to elaborate sufficient endotoxin to damage or to kill, it must first resist phagocytosis, persist, and multiply. Moreover, the fact that the isomerase-deficient mutant, L-2, is much less virulent than the parent Ol11, and yet has no alteration in its endotoxin content or activity strongly supports the proposed thesis that the difference in ability to resist phagocytosis which is determined by the sugar composition of the cell wall LPS is a significant determinant of virulence in E. coll. It is abundantly clear that many complex and interrelated factors determine whether infection or disease will occur. The purpose of this communication is to define one variable for E. coli infections, phagocytosis.
A more precise analysis of the relationship between cell wall composition and phagocytosis must await more precise chemical definitions of the cell wall lipopolysaccharide of many different strains of E. coli and a study of their relative susceptibility to phagocytosis. An intriguing question is whether it is the quantity, quality, or precise structure of the polysaccharide in lipopolysaccharide which determines the organisms' capacity to resist phagocytosis. In pneumococci, quantitative not qualitative differences in capsular polysaccharide composition seem to affect the organism's resistance to phagocytosis, i.e., it is not which saccharide comprises the polysaccharide of the phagocytosisresisting capsule, but how much polysaccharide. It is an interesting aside that log-phase E. coli are more virulent than stationary phase organisms, as is the case with pneumococci.
An effect of cell wall comp sition on phagocytosis must reflect, at least in part, the interaction between the surface of the bacterial cell and the surface of the macrophage or polymorphonuclear leukocyte. Another interesting question raised by these observations is the nature of the interaction. Its elucidation must probably await a definition of the chemical structure of the cell membrane of the phagocyte, although a study of the surface forces involved might be revealing.
The adsorption of a serum substance onto the bacterial cell or the white cell might also be a determinant of the interaction. Unpublished experiments conducted in our laboratory demonstrated that these organisms had the same rank order of virulence for the rat that they did for mice. L-2, J-S, and RC-9 (a mutant lacking only the O antigenic repeating unit) adsorbed much more phagocytosis-promoting activity from normal rat serum than did Ol11, J-S-gal, or L-2-man. Furthermore, more complement was adsorbed from rat serum by these mutants than by the parent organism. Whether this was a direct interaction of LPS and complement or one mediated by natural antibody is not known, but after exposure to rat serum, J-5 was stained by fluoresceinlabeled anti-rat ~/G and Olll was not.
SUMMARY
Uridine diphosphate galactose 4-epimerase and phosphomannose isomerasedeficient mutants of Escl~richia coli O111: B4 were studied to test the hypothesis that in E. coli a specific relationship exists between O antigenicity, virulence, and capacity to resist phagocytosis. The first mutant, designated J-5, produces a cell wall lipopolysaccharide, the side chains of which do not contain galactose, glucose, N-acetylglucosamlne, or colitose. The second mutant produces a ceil wall lipopolysaccharide which lacks only colitose. The capacity of these various organisms to kill mice was strikingly different. E. coli Olll was 1000 times as virulent as J-5, and 100 times as virulent as L-2.
The capacity of the organisms to kill mice was correlated with their ability to resist phagocytosis and to persist in the peritoneal cavity. The parent strain of Olll resisted phagocytosis by macrophages in vivo and polymorphonuclear leukocytes in vitro. The mutants did not, and the organism most deficient in the saccharide component of its LPS was most susceptible to phagocytosis and least virulent. These results were corroborated by growing the mutants in appropriately supplemented media which permitted the synthesis of complete LPS, reversed the susceptibility to phagocytosis, and restored virulence. Finally, serological reactivity was consistent with previous observations which had demonstrated that the O antigenicity of E. coli is determined by the saccharide composition of its cell wall lipopolysaccharide. Despite the difference in the capacity of the various log-phase organisms to kill mice when injected intraperitoneally, purified lipopolysaccharides extracted from them did not differ significantly in their capacity to kill or produce fever. Thus virulence was shown to be independent of endotoxin activity which in turn seemed to be unrelated to the saccharide composition of the cell wall LPS.
Collectively, these data provide at least a partial molecular definition of virulence in E. coli by demonstrating that the presence or absence of specific sugars in its cell wall lipopolysaccharide is a determinant of its antiphagocytic capacity and its virulence.
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